Rhodospirillum centenum utilizes 39,59-cyclic guanosine monophosphate (cGMP) as a messenger to regulate development of desiccation-resistant cysts. In this study, we demonstrated that gcyA, gcyB and gcyC, coding for putative subunits of a guanylyl cyclase, increase expression from 8-to 500-fold when cells transition from vegetative to cyst phases of growth. This induction did not occur in a strain that is defective in cGMP synthesis or in a strain that contains a deletion of cgrA that codes for a cGMP-binding homologue of Escherichia coli catabolite repressor protein (CRP). We also demonstrated that cgrA auto-induces its own expression in the presence of cGMP, indicating that a feed-forward loop is used to ramp up cGMP production as cells undergo encystment. Inspection of an intragenic region upstream of gcyB revealed a sequence that is identical to the CRP consensus sequence from E. coli. DNase I and fluorescence anisotropy analyses demonstrated that CgrA bound to this target sequence at a protein : cGMP ratio of 1 : 2 with K d ,61 nM. This was in contrast to CgrA in the presence of cAMP, which exhibited K d ,1795 nM. CgrA thus constitutes a novel variant of CRP that utilizes cGMP to regulate production of cGMP synthase for the control of cyst development.
INTRODUCTION
We recently established that several members of the Azospirillum clade, specifically Azospirillum brasilense, and the photosynthetic member Rhodospirillum centenum (Fani et al., 1995) , utilize cGMP as a signalling molecule to control development of desiccation-resistant cysts (Marden et al., 2011; Gomelsky, 2011) . Azospirillum spp. are known members of the plant root rhizosphere, where they associate with plant roots and provide plants with bacterially fixed nitrogen and several bacterially synthesized plant hormones (Bashan et al., 2004) . Cyst production by members of this genus, and by other Gram-negative soil micro-organisms such as Azotobacter spp., allows survival during periods of desiccation and nutrient limitation (Berleman & Bauer, 2004) .
The use of cGMP as a signalling molecule by Azospirillum spp. was surprising as cGMP was not thought to have a role in controlling bacterial physiology (Gomelsky, 2011) . However, this assumption was not correct as the plant pathogen Xanthomonas campestris has also recently been shown to utilize cGMP as a signalling molecule to regulate bacterial phytopathogenesis Gomelsky & Galperin, 2013) . There is also evidence for the production of cGMP by Synechocystis, where it is thought to be used for UV-B-induced photoacclimation (Cadoret et al., 2005; Rauch et al., 2008) . Ryu et al. (2015) also recently described the construction of an Escherichia coli reporter strain that allows detection of bacterial guanylyl cyclases and have confirmed that Azs. brasilense and Rhs. centenum do indeed express a guanylyl cyclase.
Among sequenced members of the Azospirillum clade, there is a conserved cluster of three guanylyl cyclase genes, gcyA, gcyB and gcyC, that are required for cGMP synthesis (Marden et al., 2011) . The GcyA peptide is clearly the catalytic subunit as it is capable of synthesizing cGMP from GTP alone in vitro. Synthesis of GcyB and GcyC is required for in vivo production of cGMP; however, their roles are not yet established (Marden et al., 2011) . Linked to the guanylyl cyclase genes is cgrA, which codes for a CRP homologue that binds cGMP preferentially over cAMP (Marden et al., 2011) . A chromosomal deletion of cgrA leads to loss of cGMP production, suggesting that CgrA is required for expression of the gcy gene cluster (Marden et al., 2011) .
Members of the CRP family of transcription factors are known to respond to a variety of small signalling molecules such as cyclic nucleotides cAMP, cGMP and cyclic-di-GMP (c-di-GMP) as well as to the gases O 2 , NO and CO (Marden et al., 2011; Crack et al., 2004; Spiro & Guest, 1990; Zumft, 2002; Shelver et al., 1995 Shelver et al., , 1997 Körner et al., 2003) . In several species tested, CRP homologues act as global regulators to control a wide range of physiological functions, from carbon metabolism, aerobic/anaerobic physiology, flagella biosynthesis, pathogenesis, and biofilm formation to bacterial development (Marden et al., 2011; Crack et al., 2004; Spiro & Guest, 1990; Shimada et al., 2011; Bian et al., 2013; Ö sterberg et al., 2013; . CRP from E. coli is best studied where it regulates genes involved in carbon metabolism in response to cAMP synthesis in a process known as catabolite repression (Shimada et al., 2011; Aiba 1986) . In this process, a sugar such as glucose is transported into the cell by the sugar phosphotransferase system, which also phosphorylates the sugar during transport. The phosphotransferase system transport complex can sense the efficiency of glycolysis by monitoring the phosphoenolpyruvate : pyruvate ratio and in response can regulate the activity of adenylyl cyclase (Postma et al., 1993; Kolb et al., 1993) . CRP in the absence of cAMP (apo-CRP) cannot effectively bind DNA because recognition helix F in the DNA-binding domain is not oriented properly to interact with the major groove of DNA (Görke & Stülke, 2008; Popovych et al., 2009) . However, when CRP binds cAMP there is a coil-to-helix conformation change that extends a coiled-coil dimerization interface which promotes a 60u rotation of the F-helix. This conformational change allows the DNA-binding domain to properly interact with a conserved 22 bp palindrome sequence (Kim et al., 1992; Lawson et al., 2004; Harman, 2001; Passner et al., 2000; Sharma et al., 2009 ).
An interesting variation of the E. coli CRP paradigm exists in Xanthomonas, where the CRP homologue Clp exhibits specific DNA binding in the absence of its effector molecule, c-di-GMP (Tao et al., 2010) . The binding of c-di-GMP to Clp results in a conformational change that releases it from DNA (Tao et al., 2010; Chin et al., 2010; Leduc & Roberts, 2009 ). Thus, c-di-GMP functions as an inhibitory ligand for Clp, which is converse to the activating role of cAMP for CRP. The opposing effects of cAMP and c-di-GMP on the DNAbinding activities of CRP and Clp highlight that CRP homologues can exhibit very different output responses when interacting with different cyclic nucleotides.
In this study, we demonstrate that expression of the three genes needed for cGMP synthesis, gcyA, gcyB and gcyC, continually ramps up as cells transition from vegetative to cyst form. Expression of gcyA, gcyB and gcyC is also shown to be dependent on the presence of both cGMP and CgrA. Given that cGMP continuously rises during cyst development (Marden et al., 2011) , these results indicate that a cGMP-dependent feed-forward loop drives cGMP synthesis. We have also utilized DNase I footprint analyses to identify a DNA-binding site for CgrA upstream of the gcyB-gcyC-cgrA gene cluster. DNA-binding studies using fluorescence anisotropy demonstrate that cGMP stimulates the binding of CgrA to its target DNA sequence 25-fold. Collectively, these results indicate that CgrA exhibits similar properties to those described for E. coli CRP, with the caveat that CgrA responds to cGMP instead of cAMP to regulate its DNA-binding activity.
METHODS
Bacterial strains, media, and growth conditions. WT, and DgcyA and DcgrA in-frame deletion strains of Rhs. centenum utilized in this study have been described previously (Marden et al., 2011) . All Rhs. centenum strains were cultured aerobically in vegetative CENS medium or in cyst-inducing CENBA (Stadtwald-Demchick et al., 1990) or CENS-8xN (Marden et al., 2011) medium at 37 uC when grown in liquid medium or at 42 uC when grown in agar-solidified medium. E. coli strain DH5a was used for cloning, BL21 Rosetta II (Invitrogen) for overexpression of CgrA, and S17-1 l pir for plasmid conjugation. E. coli strains were grown in Luria-Bertani medium at 37 or 16 uC for protein overexpression, with appropriate antibiotics for plasmid selection.
RNA isolation, quantitative reverse transcription PCR (qRT-PCR). Strains were grown overnight in non-cyst-inducing CENS medium, subcultured into CENS or cyst-inducing minimal CENBA medium at a 1 : 50 ratio, and then grown until OD 600 *0.4-0.6 at 37 uC. RNA was extracted using FastRNA Pro Blue kit from MP Biomedicals, followed by further purification using a commercial RNA clean-up protocol (RNeasy Mini kit; Qiagen). RNA samples were then treated with TURBO DNase (Ambion) to remove contaminating genomic DNA, with final RNA concentrations measured using NanoDrop (Thermo Scientific). Samples with an OD 260 to OD 280 ratio w1.8 were considered for further analysis. qRT-PCR analysis of gene expression was performed with 8 ng RNA sample in a 20 ml reaction using the SensiFAST SYBR Hi-ROX kit (Bioline). Synthesis of complementary DNA was carried out at 45 uC for 10 min, followed by qRT-PCR. A two-step PCR was used, consisting of DNA strand separation at 95 uC for 5 s, followed by primer annealing and DNA polymerase elongation at 60 uC for 20 s. All PCRs contained the housekeeping gene rpoZ as an internal control, which was chosen based on BestKeeper analysis (Pfaffl et al., 2004) , which indicated minimal variability in expression across different growth conditions. The list of primers used in this study is provided in Table  S1 , available in the online Supplementary Material.
Overexpression and purification of CgrA. CgrA purification was carried out as described by Marden et al. (2011) , with the exception that CgrA was eluted from the size-exclusion column in 20 mM Tris, pH 7.5, 100 mM NaCl, 5 mM DTT and 15 % glycerol v/v. Protein concentration was assayed with a Bradford assay kit (Bio-Rad) and stored at 4 uC for all subsequent analyses.
DNase I footprinting. A 215 bp double-stranded DNA was used for this study that represented the intergenic site between RC1_3784 and RC1_3785. DNA was amplified by PCR using the 59 FAM-labelled forward primer SiteVI FwdFP and 59 HEX-labelled reverse primer SiteVI RevFP (Table S1 ). PCR products were cleaned using the QIAquick PCR purification kit (Qiagen) and eluted in EB buffer (supplied with the kit). Cyclic nucleotide (Sigma) stock solutions were made in water. Footprint analyses were carried out as described previously (Willett et al., 2007) . Briefly, 10 nM DNA probe was digested with DNase I (2 U ml
21
; NEB) in the presence of varying concentrations of protein-cGMP (1 : 2) in footprint buffer consisting of 20 mM Tris/HCl, pH 7.5, 3 mM MgCl 2 , 5 mM CaCl 2 , 100 mM NaCl and 50 mg ml 21 BSA at 25 uC. Simultaneously, DNase I digestion was carried out with DNA only and in the presence of protein only. DNase I activity was quenched by the addition of 0.24 M EDTA, pH 8.0. The reaction products were purified using the MinElute PCR Purification kit (Qiagen) and eluted in EB buffer (supplied with the kit). One microlitre of GeneScan-500 Liz Size Standard (Applied Biosystems) was added to all the tubes. Samples were loaded in a natural-coloured 96-well plate (Thermo Fisher Scientific) and covered with a septum, heated on a thermocycler at 95 uC for 5 min and cooled immediately by placing on ice for at least 5 min. Sequencing reactions were run on an ABI Prism Gene Scanner 3730 and data were analysed using Peak Scanner v1.0 software.
Fluorescence anisotropy-based DNA-binding assay. A 35-mer 59-fluorescein-tagged DNA probe containing the CRP consensus site (PcgrA) located at the intergenic region between RC1_3784 and RC1_3785 was used for determining the CgrA-binding constant to the target DNA. To test specific DNA-binding activity by CgrA, a non-specific probe (PbchC) from Rhodobacter capsulatus was also prepared. Sequence details of DNA probes used for fluorescent anisotropy experiments are listed in Table S1 .
The double-stranded DNA probe was prepared by heating equimolar amounts of both DNA strands at 95 uC for 10 min, followed by slowly cooling to room temperature in the dark for 2 h. All reactions were performed in TE (10 mM Tris/HCl pH 8.0, 1.0 mM EDTA) buffer with 100 mM NaCl.
Fluorescence anisotropy experiments were carried out with a Synergy H1 Hybrid Multi-Mode Microplate Reader at 25 uC. DNA was incubated with increasing concentrations of CgrA in the presence of the same buffer as used in the DNase I footprint experiment, before loading onto a black 96-well flat-bottom plate (BD Falcon). The binding of the CgrA dimer (CgrA chromatographs as a dimer -data not shown) to DNA was performed by monitoring the change in the apparent fluorescence anisotropy of the 59-fluorescein-tagged DNA. The excitation and emission wavelengths were measured at 485 and 528 nm, respectively, using a filter cube with 510 nm as the cut-off value. To test the effect of ligand on CgrA-DNA-binding activity, the assay was carried out in the presence of either cGMP or cAMP at a fixed 1 : 2 protein : ligand ratio. Background signal contributed by the buffer alone was subtracted from all readings. The anisotropy is calculated using the equation: r5(I parallel -I perpendicular )/(I parallel +2I perpendicular ) (G51).
The sample volume per well was kept constant at 100 ml and measurements were repeated three times in duplicate reactions and from at least three different protein batches.
RESULTS

Genes needed for cGMP synthesis increased expression during cyst formation
In a previous study, we demonstrated a continuous rise of cGMP levels in the culture supernatant as Rhs. centenum cells transition from vegetative to cyst form (Marden et al., 2011) . Null mutations in any of three genes gcyA, gcyB or gcyC (Fig. 1) inhibited cGMP production and subsequent cyst formation. Inhibition of cGMP production, and cyst formation were also observed upon disruption of the linked gene cgrA, which codes for a cGMP-binding CRP homologue (Marden et al., 2011) . This latter result suggested that CgrA regulates expression of guanylyl cyclase genes in response to cGMP levels in a positive manner.
To test whether guanylyl cyclase gene expression is indeed rising during the induction of cyst development, we assayed expression of gcyA, gcyB and gcyC using qRT-PCR. The results in Fig. 2 show that shifting WT cells from vegetative CENS medium into cyst-inducing minimal CENBA medium results in a rapid rise in gcyA, gcyB and gcyC expression over a 4 day period (cysts become visible by day 4). Interestingly, gcyA increases expression five-to eightfold, while gcyB and gcyC increase expression *500-fold. (The gene gcyA codes for the catalytic subunit of guanylyl cyclase, while gcyB and gcyC code for subunits with unknown functions that are required for synthesis of cGMP in vivo.) Expression of cgrA also rapidly increased approximately eightfold during the first few hours after the shift to cyst-inducing CENBA medium, but unlike continuous increases in gcy expression, cgrA expression did not increase much beyond the first 1 h time point (Fig. 2) . This suggests that there is an undefined mechanism to limit the increase in cgrA expression.
cGMP stimulates guanylyl cyclase expression via CgrA
We tested if the observed increase in gcyB, gcyC and cgrA expression is dependent on cGMP by assaying expression in a DgcyA deletion strain that is defective in cGMP production. We also addressed whether expression was dependent on CgrA by assaying expression in a DcgrA deletion strain. The results in Fig. 3 show that an increase in gcyB and gcyC expression was observed in WT cells after a 1 h growth shift from vegetative CENS medium to CENBA encystment medium, but that this increase did not occur in the DgcyA mutant strain or in the DcgrA strain. In contrast, gcyA expression was not significantly affected by a deletion of CgrA, indicating that its increase in expression is dependent on other undefined encystment regulatory events. In assaying cgrA expression, we observed that a portion of the increase was dependent on cGMP production, as the WT strain had significantly higher levels of cgrA transcription than the DgcyA strain (Fig. 3) . However, there was still a basal level of cgrA expression even in the absence of cGMP (Fig. 3) .
Identification of a CgrA DNA recognition sequence
We identified a potential CgrA-binding site upstream of the Rc1_3785-gcyB-gcyC-cgrA gene cluster by visually scanning for a CRP-like palindrome sequence in the gcyA-cgrA gene cluster. As shown in Fig. 4 , there are six sequences in this region (sites 1-6) that exhibit similarity to the E. coli CRP consensus binding sequence TGTGA-N 6 -TCACA (Shimada et al., 2011) . In vitro binding of CgrA to DNA segments containing these palindromic sequences was assayed using gel mobility shift and fluorescence anisotropy analyses, with only site 2 exhibiting binding. This sequence has complete conservation of the CRP consensus sequence and is located in the intergenic region between divergent ORFs RC_13784 and RC1_3785. Furthermore, sequence analysis of a mini-Tn5 transposition mutation that renders cells deficient in cGMP production (strain HSM057; Fig. 2 . Expression of gcyA, gcyB, gcyC and cgrA after a CENS to CENBA shift in the WT strain at periods shown during 4 days of growth. The values represent fold changes in mRNA levels in cells that underwent a nutrient downshift versus mRNA levels present in the cells just prior to the nutrient downshift. Expression levels were measured using qRT-PCR. These data are mean values from three independent experiments, with error bars representing SE (n53). P-values were determined using t-tests, with *P,0.05, **P,0.01 and ***P,0.001. The calculated P-values compare means between fold change of samples shifted to nutrient-poor CENBA (three replicates) relative to the fold changes of the vegetative control group in CENS (which is set to 1) with mRNA harvested just prior to the nutrient downshift. 3 . Expression of gcyA, gcyB, gcyC and cgrA genes 1 h after a CENS to CENBA nutrient downshift in WT cells, in a DgcyA strain and in a DcgrA strain. The values represent fold changes in expression in cells that underwent a nutrient downshift versus cells that remained in rich CENS medium. Expression levels were measured using qRT-PCR. These data are mean values from three independent experiments, with error bars representing SE (n53). P-values were determined using t-tests, with *P,0.05, **P,0.01 and ***P,0.001. Marden et al., 2011) showed that the mini-Tn5 insertion occurs adjacent to this palindrome (strain HSM057; Marden et al., 2011) . We therefore performed DNase I footprint analysis of CgrA binding to this intergenic region by PCR amplifying a 200 bp fluorescently labelled DNA segment. Footprint results for top-and bottomstrand DNA segments (Fig. 5a, b) showed that CgrA+cGMP protected numerous DNase I-generated peaks in the region that contains the TGTGA-N 6 -TCACA palindrome. The protection was not observed with CgrA alone or with CgrA incubated with the DNA probe in the presence of cAMP (Fig. 5) .
DNA-binding affinity of CgrA is stimulated by cGMP in vitro
We determined the DNA-binding affinity of CgrA to the CgrA-protected palindrome using fluorescence anisotropy. This analysis was carried out with a 59-fluorescein-labelled 35 bp DNA probe that contains the 59-TGTGA-N 6 -TCACA-39 palindrome (probe PcgrA) centred on the primer. We also tested the binding of CgrA to a 35 bp non-specific DNA control segment (probe PbchC) designed from the bchC promoter region from Rhb. capsulatus, which has a similar GC content to Rhs. centenum (Fig. 6) . The results of this analysis showed that there was no significant binding of CgrA to the non-specific DNA control as well as no significant binding of CgrA in the absence of cGMP to the probe that contains the TGTGA-N 6 -TCACA palindrome (Fig. 6) . In contrast, CgrA in the presence of cGMP at a 1 : 2 protein : ligand ratio exhibited a very good DNA-binding isotherm with a dissociation constant (K d ) of 61.3+16.97 nM (Fig. 6 ).
CgrA also bound to its target DNA in the presence of cAMP (also at a 1 : 2 ratio), but with a much weaker binding affinity, K d 51794.64 + 179.4 nM, than observed with cGMP (Table 1) .
DISCUSSION
In this study, we demonstrated that a nutrient downshift that promoted cyst formation also increased expression of gcyA, gcyB and gcyC, which are involved in cGMP production, and cgrA, which codes for a cGMP-binding homologue of CRP. These results provide a framework for a model to explain the role of cGMP in inducing encystment.
As shown in Fig. 7 , under nutrient-rich conditions there are low amounts of guanylyl cyclase and cGMP owing to low levels of gcyA, gcyB and gcyC expression. Under these conditions, CgrA+cGMP-dependent cyst developmental gene expression is not induced. However upon a nutrient downshift, there is a rapid increase in expression of gcyA, gcgB, gcyC and cgrA, leading to a rapid increase in further expression of these genes as well as increasing production of cGMP. Interestingly, a large amount of cGMP is actually excreted from the cell (Marden et al., 2011) , with presumably enough cGMP retained inside the cell to allow the formation of a CgrA-cGMP complex that binds to target promoters.
There are several outstanding questions regarding the regulation, biochemical composition and activity of this guanylyl cyclase gene cluster. For example, the expression of gcyA, which codes for the catalytic subunit (Marden et al., 2011) , only increased approximately eightfold over the 4 day cyst induction period, while expression of gcyB and gcyC, which presumably code for non-catalytic subunits of the cyclase, increased *200-and *600-fold, respectively (Fig. 2) . It is possible that the observed CgrA-dependent increase in gcyA expression was a result of indirect activation by CgrA as there was no observable CgrA-mediated footprint protection pattern upstream of gcyA (data not shown). This is in contrast to observable DNase I protection upstream of the Rc1_3785-gcyB-gcyC-cgrA gene cluster with CgrA+cGMP. There is also no information on the function of GcyB or GcyC other than their need for cGMP production in vivo (Marden et al., 2011) and no information on individual subunit stoichiometry, subunit stability or translation efficiency. Indeed it is possible that GcyB/GcyC transiently regulates guanylyl cyclase activity of GcyA, not unlike phosphorylation-dependent binding of EIIA Glc to adenylyl cyclase in E. coli (Feucht & Saier, 1980; Harwood et al., 1976) . Clearly, future studies of the guanylyl cyclase enzyme complex are needed to understand why gcyB and gcyC expression is ramped up so much higher than gcyA expression during cyst cell development.
While guanylyl cyclase expression underwent a continuous rise over the 4 day period, the expression of CgrA rapidly (within 4 h) increased expression three-to fourfold and then remained at this level even while expression of the guanylyl cyclase subunits continued to rise (Fig. 2) . This suggests the presence of a mechanism that limits cgrA expression at a three-to fourfold level during cyst induction. Such an event could involve feed-forward activation by CgrA+cGMP balanced with a feedback mechanism that is yet to be defined. Presumably, limiting the amount of cgrA expression ensures that the gene targeted by CgrA remains dependent on cGMP as a rise in CgrA to levels that are too high could potentially promote DNA binding in the absence of the cGMP.
The continuous increase in gcy expression that occurs as cyst cells develop suggests that a feed-forward increase in this signalling pathway may be used by these cells to lock-in this developmental pathway (Fig. 6) . The Table 1 were generated as the mean of at least three binding experiments performed with three independent protein preparations. feed-forward nature of gcy and cgrA expression differs from crp expression in E. coli, where adenylyl cyclase expression is repressed by CRP-cAMP to limit cAMP production (Aiba, 1985; Mori & Aiba, 1985; Ishizuka et al., 1994) . In E. coli there is a basal amount of CRP expression that occurs irrespective of cAMP (Cossart & Gicquel-Sanzey, 1985) ; however, under conditions where cAMP is increased, then the CRP-cAMP complex binds and represses further CRP synthesis (Ishizuka et al., 1994; Aiba, 1983; Hanamura & Aiba, 1992) . Glucose also exerts crp repression in a cAMP-independent way, suggesting that there might be more than one regulatory mechanism other than the direct involvement of the CRP-cAMP complex (Cossart & Gicquel-Sanzey, 1985) . It should be noted that repeated gel shift and DNase I footprint analyses (not shown) have not identified any CgrA-binding sites located immediately upstream of cgrA or within its coding region. Thus, even though we cannot definitively rule out that CgrA does not bind immediately upstream of its coding sequence, it seems likely that its expression occurs as part of an operon that also includes gcyB and gcyC.
In the future, we need to address whether CgrA activated by cGMP binds upstream of genes involved in encystment. Recently we utilized RNA-Seq analysis to demonstrate that 812 genes (*29 % of annotated genes) undergo an alteration in expression as Rhs. centenum transitions from vegetative to cyst form (Dong and Bauer, 2015) . It will be of interest to utilize deepsequencing approaches such as RNA-Seq and chromosome immunoprecipitation sequencing (ChIP-Seq) to determine how many of these genes are directly or indirectly regulated by CgrA. We also need to ascertain how the CgrA+cGMP regulatory circuit fits in with other known encystment regulators such as the novel Che-like signalling pathway (He & Bauer, 2014; He et al., 2013) , histidine kinases (Din et al., 2011) and other cell cycle regulators that are known to have a role in controlling this developmental process. . Proposed model explaining regulation of cgrA and cyclase subunits. In the presence of high-nutrient-level noncyst-inducing conditions, the expression of gcyA (which codes for the catalytic subunit of guanylyl cyclase), gcyB and gcyC, and cgrA are low, leading to low amounts of cGMP and low amounts of apo-CgrA. Under nutrient-starving cyst-inducing conditions, expression of gcyA and cgrA increases four-to fivefold while expression of gcyB and gcyC increases 100-to 500-fold. Under these conditions, GcyA presumably forms an active complex with GcyB and GcyC to synthesize large amounts of cGMP (light orange pentagons), a significant portion of which is transported out of the cell (Marden et al., 2011) . CgrA forms an active complex with cGMP that triggers feed-forward further expression of the GcyB and GcyC cyclase components, CgrA itself and other genes necessary for encystment.
